Introduction
We are living in an era where energy security faces multiple threats; the oil spike is signaling an end to energy security, while geo-political instabilities are pushing even the most powerful nations to search for local energy solutions. One obvious consequence of this change is the global drive toward renewable energy options. The European Union and China plan to harvest 20% and 15%, respectively, of their total power generation from renewable energy sources by 2020. As a renewable energy source, the Sun is the oldest and most potent source of energy and life known to humanity. Human civilization has been tied to the Sun so closely that the Sun was revered as a God long before the discovery of photocatalysis in plants. The Sun delivers 1.2 × 10 5 TW of solar radiation to the Earth, which is three orders of magnitude higher than the current total energy consumption on the planet (Crabtree & Lewis, 2007; Thirugnanasambandam, Iniyan, & Goic, 2010) . Solar power is artificially extracted in the forms of electricity (solar photovoltaic, PV) and heat (solar thermal). Solar PV panels are the most straightforward way to convert solar radiation * Corresponding author. Tel.: +44 01133432543.
E-mail addresses: y.l. li@leeds.ac.uk, yongliang.li@hotmail.co.uk (Y. Li). into high-grade electricity, but the theoretical upper limit of the conversion efficiency of these panels is estimated to be around 30% (Beard & Ellingson, 2008; Nozik, 2001; Odeh & Behnia, 2009; Yang & Yin, 2011) . In practice, the efficiency depends on a variety of factors, and is typically approximately 40-50% below the theoretical maximum (Royne, Dey, & Mills, 2005) .
This low conversion efficiency has become a major problem in solar cell science and engineering, and has made it impossible to capture energy from across the wide solar spectrum with a single semiconductor material (Vorobiev, González-Hernández, Vorobiev, & Bulat, 2006) . Although the use of combinations of different and specialized materials with intermediate band gaps has been proposed to overcome this problem (Henry, 1980; Luque & Martí, 2001) , these materials are expensive. An alternative option is the integration of PV cells with a heat-to-electricity energy converter in the form of a thermoelectric (TE) generator, which can directly convert thermal energy into electricity. Despite the comprehensive attention that PV-TE hybrid systems have gained in the recent past (Kraemer et al., 2008; Miljkovic & Wang, 2011; Rockendorf, Sillmann, Podlowski, & Litzenburger, 1999; Vorobiev et al., 2006; Yang & Yin, 2011) , the low conversion efficiency of the TE modules based on current materials and the elevated PV operating temperature, which reduces the cell efficiency, remain major obstacles to the development of these systems. In addition, the presence of TE devices in the market is fairly limited because of their low 'figure of merit' (ZT). For instance, bismuth telluride (Bi 2 Te 3 ), which is the preferred TE material in the current PV-TE hybrids, has ZT ∼ 1 (Omer & Infield, 1998; Rowe, 1995; Tritt, Böttner, & Chen, 2008) . Yang and Yin (2011) showed through their experiments that there was literally no difference in electric power output between a water-cooled PV system and a PV-TE-hot water system. Van Sark (2011) argued that for PV-TE hybrid systems to become economically viable, the conversion efficiency of the TE module must increase by a minimum of 10 times that of the present efficiency. Therefore, what is really needed to make these systems viable is a breakthrough in TE materials development. Although quantum well and quantum dot techniques promise to produce highly efficient and cost effective TE materials (Kovalenko et al., 2010; Nolas, Sharp, & Goldsmid, 2001; Scheele et al., 2009 ), these materials may not reach the market in the foreseeable future. With regard to the issue of reducing the PV operating temperature, attention has been drawn to a solar spectrum splitting system in which the PV cells and the thermal processes run in parallel (Kraemer et al., 2008) . A spectral beam splitter would only allow the short wavelength solar spectrum to reach the PV receiver, thus substantially reducing both the heat load and the operating temperature of the cell (Imenes & Mills, 2004) .
However, matching the Sun's diurnal power supply with the time-dependent power demand remains a major challenge for solar-to-electricity systems (Li, Zhu, Cao, Sui, & Hu, 2009; Maclay, Brouwer, & Samuelsen, 2007) . Although this problem can be solved by exchanging power with the electricity grid, the addition of certain energy storage devices to the PV systems is desirable to reduce the load change on the grid and even provide power-on-demand via a stand-alone PV system. The conventional lead-acid battery is still the most common energy storage device, while thermal energy storage is emerging as a promising alternative option. Recently, greater focus has been placed on high-grade cold storage technology, which enables high performance recovery of solar thermal energy (Li, Chen, & Ding, 2010; Li, Jin, Chen, Tan, & Ding, 2011) .
In this paper, we propose a spectral beam splitting based PV-TE hybrid power system with an integrated high-grade cold storage device. The PV cell and the TE generator can operate either separately or synchronously, depending on the power demand. At off-peak times, the ambient resources supply the cooling load of the system, and the excess electricity is stored in the form of highgrade cold in a deep freezer. At peak times, the stored cold is used to supercool both the PV cell and the TE generator to increase their power output. This integration scheme would enable the system to deliver power at the desired times and rates.
Description of the integrated system
PV cells are one of the most promising technologies for conversion of incident solar radiation into electric power. However, this technology is still far from being able to compete with fossil fuel-based energy conversion technologies because of its relatively low efficiency and energy density. Theoretically, there are three unavoidable losses that limit the solar conversion efficiency of a device with a single absorption threshold or band gap E g : (1) incomplete absorption, where photons with energies below E g are not absorbed; (2) thermalization or carrier cooling, where solar photons with sufficient energy generate electron-hole pairs and then immediately lose almost all energy in excess of E g in the form of heat; and (3) radiative recombination, where a small fraction of the excited states radioactively recombine with the ground state at the maximum power output (Hanna & Nozik, 2006; Henry, 1980) . Taking an air mass of 1.5 as an example, for different band gap E g these (Henry, 1980) . three losses can be calculated and the results are indicated by areas S1, S2, and S3 in Fig. 1 . Note that the area under the outer curve is the solar power per unit area, and that only S4 can be delivered to the load.
In Fig. 1 the actual work per absorbed photon W is related to the operating temperature and the concentration ratio, and is calculated using the following equations (Henry, 1980) :
Here, Ä, e, h, and c are the Boltzmann constant, an electron charge, the Planck constant, and the speed of light, respectively. T, C, and n ph are the operating temperature, the concentration ratio (defined as the average solar flux through the receiver divided by the ambient direct normal solar radiation), and the solar flux in photons, respectively. n is a constant related to the radiation angles that can be assigned a value of 3.6. The voltage at the maximum power point eV m is governed by the equation shown below: Fig. 1 shows that a decrease in the radiative recombination loss can be seen within the PV cell when the distance between the outer curve and the inner curve is reduced. The influence of operating temperature of the PV cell can also be examined using the above approaches and the results are shown in Fig. 2 , which indicates that a decrease in the operating temperature would enhance the efficiency of the PV cell. As a result cooling and even supercooling of the cell play an important role on its performance. Areas S4 in Figs. 1 and 2 show that the best band gap at the maximum power point may vary, depending on the operating temperature.
Similarly the effect of the concentration ratio on the cell performance is shown in Fig. 3 . The concentration ratio has a much smaller effect on the efficiency of the PV than the temperature. More importantly, the concentrating devices may offer cost benefits by reducing the PV area required to convert a specific amount of solar power (Imenes & Mills, 2004 ). However, it should be noted that an increase in the concentration ratio is accompanied by a potential increase in the PV cell temperature or the cooling load per unit cell area, which are both undesirable.
As mentioned earlier, photons with energies lower than E g are not absorbed by the PV cell. This proportion of the total energy is quite large, especially for semiconductor materials with relatively wide band gaps (accounting for approximately 50% of the solar radiation in the case of a semiconductor with E g = 1.75 eV). Removing this portion of the radiation from the PV cell via spectral beam splitting technology could not only reduce the cooling load, but could also enable energy recovery in the form of high grade thermal energy.
TE generators for thermal energy recovery operate silently and have simple structures with no moving parts (Chen, 1996) . They are as reliable as PV panels, and could work for 10 to as much as 30 years on average without any major technical problems (Vorobiev et al., 2006) .
The ideal efficiency of the TE generator is dependent on the hot side temperature T h , the cold side temperature T c , the dimensionless thermoelectric coefficient ZT (a dimensionless figure of Fig. 3 . Effect of the concentration ratios of the PV cell (T = 300 K) on cell performance. merit) of the TE material, and the average operating temperature (T = (T c + T h )/2), according to the equation below:
The figure of merit (Z) is defined as:
where S, , and k are material properties, i.e., the Seebeck coefficient, the electrical conductivity, and the thermal conductivity, respectively. The value of ZT could be estimated reasonably well by using the following values in the calculations: ZT = 1 for modern industrial thermoelectrics, ZT = 2 for thermoelectrics produced in laboratories (nano-scale microstructures), and ZT = 4 for thermionic converters with quantum tunneling (Vorobiev et al., 2006) . The effects of the hot side temperature and the cold side temperature in an ideal TE generator are shown in Figs. 4 and 5,   Fig. 5 . Effect of the cold side temperature on the ideal efficiency of the TE generator at T h = 600 K and different values of ZT. respectively. Increasing the hot side temperature and lowering the cold side temperature could improve the TE generator performance. However, lowering the cold side temperature seems to be more prominent when considering TE generators with lower ZT values.
Based on our proposed 'spectrum beam splitting' and thermal energy storage schemes, the PV-TE integrated system is proposed and illustrated in Fig. 6 . The system is a combination of a PV cell and a TE generator designed to generate electricity. In contrast to the earlier direct-contact back-to-back structures (Van Sark, 2011) , the PV cell and the TE generator in the proposed system are constructed separately on the two sides of a cooling chamber. This novel configuration enables a lower PV operating temperature and a lower TE cold side temperature. The concentrated solar radiation is split by the solar spectrum splitter, with the short wavelength portion directed to the PV cell and the long wavelength portion sent to produce moderate to high temperature thermal energy. The thermal energy stored in the heat storage medium is used to supply the hot side with energy for the TE generator. The cooling chamber can be cooled either by ambient air or by other cold sources, using a low freezing point liquid as the circulating fluid. At off-peak times, ambient air is used to cool the circulating fluid in an external heat exchanger, and the excess electricity is used to power a deep freezer to generate high-grade cold. The stored cold is then used to supercool the circulating fluid at peak times to increase the power output by reducing the operating temperatures of both the PV cell and the cold side of the TE generator.
Because both the PV cell and the TE generator require stable operating temperatures, it would be efficient to store the thermal energy (for both heating and cooling reservoirs) in phase change materials (PCMs). Inorganic eutectic salt mixtures are strong candidates for thermal energy storage at moderate to high temperatures. These materials are shown in Table 1 . For high-grade cold storage, eutectic solutions should be considered. PCM eutectic solutions are mixtures of two or more chemicals, which, when mixed in a particular ratio, have a freezing/melting point that is below the freezing temperature of water, and could offer thermal energy storage facilities down to 159 K. Table 2 provides a list of such materials.
System performance and sensitivity analysis
The total conversion efficiency of the hybrid system can be defined as: Here, ˛P V and ˛T E are the operational efficiencies of the PV cell and the TE generator, respectively, indicating the ratios of the net practical electric power output of the devices to the corresponding ideal outputs. Considering that the best efficiencies for all welldeveloped PV cells and TE generators are around 0.8, it is reasonable to set the two operational efficiencies as 0.75 in the calculations (Vorobiev et al., 2006) . Note also that the operational efficiency includes the heat losses in the heat storage process for the TE generators. In the equation, Á IA is the incomplete absorption efficiency, which denotes the split from the solar radiation to the generator at moderate to high temperature thermal energies. From the descriptions given in Section 2, we see that the total conversion efficiency can be expressed as follows:
An optimal band gap E g exists that leads to the best system performance level, depending on the PV operating temperature T c and the concentration ratio C. For given T c and C, the optimal band gap can be found be maximizing Eq. (7). This process has been coded in Matlab environment using genetic algorithm. The simulation result is shown in Fig. 7 , from which we can see that the optimal band gap varies slightly with changes in operating temperature. In other words, a cell with a suitable band gap could provide good performance over a wide operating temperature range.
Obviously, the optimal band gap decreases with increasing concentration ratio. Using the optimal band gap obtaining in Fig. 7 , the total efficiencies for given operating temperature and concentration ratio are shown in Fig. 8 , with the assumptions that ZT = 2 and T h = 600 K. It reveals that a higher concentration ratio produces a higher total efficiency. It also shows that a tenfold increase in the concentration ratio contributes an increase of approximately 0.8% to the total efficiency. In terms of the operating temperature, this is equivalent to a decrease of 14 K. By deeply decreasing the operating temperature from the ambient temperature down to approximately 160 K, the total efficiency improves by about 8%, regardless of the concentration ratio. This corresponds to an increase of nearly 30% in the output power. However, increasing the concentration ratio raises the cooling power load per unit area linearly on the PV surface, as shown in Fig. 9 . For this reason, the concentration ratio must be kept below 100 in practical applications (MenesesRodríguez, Horley, González-Hernández, Vorobiev, & Gorley, 2005) .
The dependence of total efficiency on the hot side temperature T h and dimensionless thermoelectric coefficient ZT of the TE generator is shown in Fig. 10 . It shows that the total efficiency has increased, but the rate of this increase declines with increasing hot side temperature. In contrast, doubling the value of the dimensionless thermoelectric coefficient ZT yields an improvement of more than 2% in the total efficiency. From Fig. 10 , we can also see that at peak times, the total efficiency of the integrated system is around 31-34% based on currently available TE materials (ZT = 1). This indicates that the proposed system can deliver more than double the power of current PV cells alone. Although part of the power output comes from the stored thermal energy (both cold and heat), this indicates that the hybrid system is potentially capable of delivering power to end-users at the desired times and rates.
Conclusions
This paper proposes conceptually a hybrid PV-TE power system that is integrated with a high-grade heat and cold energy storage facility for efficient solar energy harvesting. The concept of supercooling of the PV cell has been introduced to increase the output power at peak times. Calculations based on the basic principles show that a 30% improvement in the output power could be achieved by adding a high-grade cold energy storage system under reasonable working conditions. In addition, a suitable single bandgap PV cell could produce good performances at both peak and off-peak times because it is independent of the operating temperature. Increases in the concentration ratio, the hot side temperature and the dimensionless thermoelectric coefficient also contribute to an increased total efficiency, despite the other associated difficulties.
The simple structure and the absence of moving parts mean that the proposed system could potentially be used as a domestic power generator that supplies not only electricity but also heat and cold throughout the year.
